We have examined the ability of extracellular ATP to elicit intracellular Ca2" mobilization in a broad range of human leukocytes at particular stages of hematopoietic differentiation. 
Introduction
Extracellular ATP, at micromolar/nanomolar concentrations, has been shown to induce significant functional changes in a wide variety of normal and transformed cell types (reviewed in reference 1). In most cases, these actions of ATP can be functionally distinguished from those elicited in response to occupation of the well-characterized Al and A2 adenosine receptors. Thus, a growing body of data suggests the existence of specific cell surface receptors, termed P2-purinergic, for extracellular ATP. Whereas ATP is present in millimolar concen-trations in the cytosol of all eukaryotic cell types, extracellular levels of the nucleotide are normally maintained at extremely low levels by ubiquitous ecto-ATPases and ectophosphatases which rapidly and efficiently hydrolyze extracellular nucleotides (2) . However, ATP can be copackaged in both adrenergic and cholinergic neurotransmitter granules and thus be released during neurotransmission into synaptic spaces (3, 4) . Moreover, cytosolic ATP stores can be released by sudden breakage of intact cells as might occur during rupture of blood vessels and other tissue injury. Finally, ATP, which is also copackaged with serotonin in platelet granules, can be locally released in significant amounts during platelet activation (5) . These latter two sources suggest that significant amounts of extracellular ATP may locally accumulate at vascular sites of thrombus formation and infection/inflammation. If so, the possibility may be considered that extracellular ATP can modify the function of the phagocytic cell types (neutrophils and monocytes) present at such inflammatory sites.
In several cell types (6) (7) (8) (9) (10) (11) , extracellular ATP has been shown to induce rapid activation of the inositol phospholipid/ protein kinase C signaling cascade and thus produce significant changes in cytosolic [Ca"], [H'J, and inositol phosphate/diacylglycerol levels. In phagocytic cells, activation of this inositol phospholipid/protein kinase C signaling pathway is among the earliest events triggered by inflammatory stimuli (12) (13) (14) and this activation is believed to play a role in triggering or modulating chemotaxis, secretion, phagocytosis, and superoxide release (15) (16) (17) .
We have previously demonstrated that extracellular ATP, acting through P2-purinergic receptors, can activate this inositol phospholipid/protein kinase C signaling cascade in the HL-60 human promyelocytic leukemia cell line (18, 19) . Significantly, this ATP-induced activation of inositol phospholipid breakdown and subsequent Ca 2 mobilization was observed in both undifferentiated HL-60 cells and in HL-60 cells differentiated along the neutrophil pathway. In HL-60 cell cultures, the percentage ofcells expressing significant numbers of such receptors is greatly increased under culture conditions which induce differentiation of the cells along either the neutrophil or monocyte pathway (22) . Fig. 2 ; EC50 values were estimated from these dose-response curves. For each nucleotide class, the listed EC50 values were obtained from the data collected from a single preparation of cells, i.e., the adenine nucleotide data was obtained with one cell preparation, the purine nucleotide data was obtained with a separate cell preparation, etc. However, for each nucleotide, similar EC50 values (within a factor of 2) were obtained in least three separate experiments performed over a 12-month interval.
Abbreviation: AMPPCP, fly-methylene ATP.
[Ca2"] while 3 uM ATP triggered a 13-fold increase. Conversely, in the differentiated cells, [FMLP] > 100 nM triggered Ca2" transients with peak changes in 1-2 MM range (Fig. 2 B) . The EC50 for FMLP-induced Ca2" mobilization was - Fig. 5 B) ; under these conditions, the free extracellular [Ca2+] was < 10 nM. Monocytes were characterized by considerably smaller ATP-and FMLP-induced Ca2+ transients. This was apparently the result of smaller intracellular Ca2+ stores, since both ATP (Fig. 5 D) Fig. 5 A) ; the observed EC50 was 4 4,M. Additional studies (Fig. 5 C) In total blood mononuclear cell fractions (Fig. 4 B) In order to establish which types of hematopoietic progenitor cells expressed a Ca2+-mobilizing response to extracellular ATP, a number of established human leukemic cell lines, in addition to the HL-60 promyelocytic leukemia line, were examined (Fig. 4 , M-Q, Table II ). These included the U937 promonocytic line, the KG-I myeloblastic line, the less differentiated KG-la myeloblastic line, the Molt-4 lymphoblastic line, the K562 erythroblastic line, and the HuT-78 T-cell lymphoma line. The sequential stages of normal myelomonocytic differentiation to which the various myeloid cell lines correspond are illustrated in Fig. 4 A. No ATP-(or FMLP) induced changes in [Ca2+] were measured in the Molt-4 (Fig. 4 Q) , K562 (not shown), or HuT-78 cells (not shown) even with extracellular ATP concentrations as high as 300 uM. In contrast to the lack of ATP responsiveness in these nonmyelogenous leukemia/lymphoma cells, both the U937 (Fig. 4 0) and KG-l cells (Fig. 4 M) showed significant Ca2`mobilization when treated with extracellular ATP. For comparison, the responses of both undifferentiated (Fig. 4 N) and differentiated (Fig. 4 P) HL-60 cells to ATP (and FMLP) are also shown.
Like HL-60 cells, the U937 promonocytic cells exhibited large ATP-induced Ca2+ transients in contrast to the much more modest responses to FMLP (Fig. 4 0) Fig. 1 A) . Therefore, as with the established cell lines, large numbers of particular types of immature cells, normally found only in the bone marrow, could be studied. The ATPand FMLP-induced Ca2+ transients observed in these various leukemic cell preparations are illustrated in Fig. 4 , G-L; these transients should be compared with those observed with the total mononuclear cell fraction isolated from a normal, nonleukemic blood sample (Fig. 4 B) .
As observed with the KG-I myeloblastic cells, myeloblasts isolated from the blood of patients with leukemia of the FAB (25) (Fig. 4 G, Table II) .
At all postmyeloblast stages of differentiation, both neutrophil and monocyte progenitor cells exhibited large (5-20-fold) increases in [Ca>2] in response to ATP; these transients were characterized by complete mobilization of ionomycin-releasable intracellular Ca2+ stores. These cell populations included the blood mononuclear cells from patients with (a) promyelocytic leukemia (FAB-M3) ( Fig. 4 H) ; (b) chronic myelogenous leukemia in chronic phase (30) (Fig. 4 L; Table II); and (c) myelomonocytic leukemia (FAB-M4) (Fig. 4 I) (Fig. 6) Each data point represents the mean±standard error of (n) experiments.
ferentiated monocytic leukemia (FAB-M5), like mature
Ca2" mobilization and inositol phospholipid breakdown in monocytes, responded to both ATP and FMLP with large, both undifferentiated and differentiated HL-60 cells (18) . In equivalent Ca2+ transients (Fig. 4 J) .
all ATP-responsive leukocyte types tested in this study, The ability of leukemic blood cells to mobilize Ca2+ in 0.1-100 ,uM ATP triggered rapid mobilization of intracellular response to stimulation with ATP was restricted to cells isoCa> stores as well as enhanced influx of extracellular Ca . lated from patients with myeloid leukemias. Blood cells isoThis strongly suggests that the ATP-induced increases in cytolated from patients with B cell chronic lymphocytic leukemia solic [Ca2>] observed in these various human leukocyte types is (Fig. 4 K; Table II ) and cells isolated from a patient with acute due to the expression of a common P2-purinergic receptor lymphocytic leukemia (Table II) were totally unresponsive to subtype which has micromolar affinity for ATP and which is both 100 IiM ATP and 30 gM FMLP. Therefore, as shown functionally coupled to the inositol phospholipid-specific with the leukemic cell lines, responsiveness to ATP was not phospholipase C effector system. Thus, the effects of extracelmerely a general characteristic of transformed leukocytes. lular ATP on cytosolic [Ca2,] of the leukocytes described in this study should be distinguished from the plasma memDiscussion brane-permeabilizing effects produced by millimolar levels of extracellular ATP in mast cells (32), transformed fibroblasts Rapid elevation of cytosolic [Ca"] by micromolar concentra- (33) , and the J774 murine macrophage line (34, 35) .
tions of extracellular ATP has now been observed in a large These results also indicate that the expression of these punumber of nontransformed and transformed cell types (8-1 1) .
tative ATP receptors may be a common feature of human
In the majority of these cell types the Ca2+-mobilizing action of phagocytic leukocytes and phagocyte progenitor cells. Occuextracellular ATP has been correlated with the ability of ATP pation of these extracellular recognition sites for ATP proto elicit rapid breakdown of inositol phospholipids with conduced significant increases in the cytosolic [Ca2>] of neutrosequent accumulation of the Ca2+-mobilizing (1, 4, 5) tris-phils, monocytes, promyelocytes, promonocytes, and at least phosphate isomer of myo-inositol (31) . We have previously certain myeloblast subtypes (Fig. 4) [Ca2+] . The efficacy of ATP in triggering increases in [Ca2+] is therefore a reflection ofneutrophil/monocyte cell differentiation, and not of particular leukemic abnormalities. It should be noted that the relative responses to both ATP and FMLP of normal marrow-derived mononuclear cells (Fig. 4 F) were very similar to those observed in blood-derived mononuclear cells from patients the chronic phase of chronic myelogenous leukemia (Fig. 4 L) . This similarity is not surprising since both cell populations contained neutrophil precursor cells at the same stages of differentiation (from myeloblast to metamyelocyte).
It appears likely that activation ofthe inositol phospholipid signalling cascade by extracellular ATP might have a physiological role in modulating the integrated inflammatory responses of neutrophils and monocytes. Both Ward et al. (20) and Kuhns et al. (21) have reported that micromolar ATP primes neutrophils for enhanced superoxide release in response to stimulation with immune complexes and FMLP. Moreover, in vitro studies by Ward et al. (36) have demonstrated that activated platelets (suspended at cytocrits present in blood) can release the quantities of ATP necessary to elicit this priming action.
In contrast to the equivalent Ca2"-mobilization triggered by ATP, FMLP, LTB4, and PAF in mature, circulating phagocytes, only ATP was found to consistently activate increases in cytosolic [Ca2+] in neutrophil and monocyte precursors as undifferentiated as myeloblasts. While both FMLP and PAF elicited significant Ca2+ transients in more differentiated progenitor cells (e.g., HL-60 promyelocytes or U937 promonocytes), the peak magnitudes of such transients were invariably smaller 1658 Cowen et al. 
